Integration of metal oxide nanowires in metal oxide gas sensors enables a new generation of gas sensor devices, with increased sensitivity and selectivity. For reproducible and stable performance of next generation sensors, the electric properties of integrated nanowires have to be well understood, since the detection principle of metal oxide gas sensors is based on the change in electrical conductivity during gas exposure. We study two different types of nanowires that show promising properties for gas sensor applications with a Scanning Probe Microscope-Scanning Electron Microscope combination. Electron Beam Induced Current and Kelvin Probe Force Microscopy measurements with a lateral resolution in the nanometer regime are performed. Our work offers new insights into the dependence of the nanowire work function on its composition and size, and into the local interaction between electron beam and semiconductor nanowires.
Introduction
For realization of next generation gas sensor devices based on integrated semiconductor nanowires (NWs), the effects of NW geometry and composition on their electric properties must be well understood. The detection principle of metal oxide gas sensors is based on the change in electrical conductivity during gas exposure and can be greatly enhanced in terms of sensitivity and selectivity by applying integrated nanowires [1] [2] [3] .
We characterize two different types of NWs that show promising properties for gas sensor applications, n-type silicon dioxide (SnO2) and p-type copper oxide (CuO) semiconducting NWs [4] . For characterization and analysis of semiconducting materials, Scanning Electron Microscopy (SEM) and Scanning Probe Microscopy (SPM) are established tools. By using a combined SPM-SEM system, advanced studies on local electric properties can be performed [5] . We perform Kelvin Probe Force Microscopy (KPFM) and Electron Beam Induced Current (EBIC) measurements to study the relation between NW geometry and work function, and the local interaction between n-and p-type semiconductor NWs and the SEM electron beam, respectively. KPFM shows the difference in work function between n-type SnO2 and p-type CuO NWs, and how the NW work function shifts with decreasing NW diameter. EBIC measurements show different electric behavior of n-type and p-type semiconductor nanowires for large (micrometer) distances between electron beam and SPM-probe. For submicron distances, however, the current signals assimilate.
Materials and Methods

N-type SnO2
NWs are grown by vapor phase decomposition and p-type CuO NW are grown by thermal oxidation process. A stamp is used to transfer the NWs to their respective substrates. For KPFM, a silicon dioxide (SiO2) substrate with a 2 nm conductive chromium (Cr) layer coated by thermal evaporation is used. EBIC measurements are performed on an insulation substrate, consisting of a top layer of 1300 nm thick SiO2 on silicon nitride (SiN).
Nanowire characterization is performed inside a SPM-SEM combination (BRR 2770 from DME (Nowadays commercially available as AFM Option for Carl Zeiss FE-SEMs), SEM-FIB Auriga 40 from Zeiss). To get nm-resolved information on the electric properties of the NWs, we apply KPFM, and EBIC measurements. KPFM works in non-contact mode and gives the WF of local surface structures by measuring the potential offset between SPM-probe and sample surface. For KPFM we use an Arrow-NCPt probe. EBIC is a versatile SEM technique based on the injection of charge carriers, the measurement principle is outlined in Figure 1 . The SPM-probe (PPP-CONTPt) is placed on selected NWs and works as current detector. While the SPM-probe stays fixed, the electron beam focus point (diameter ~1 nm) is varied along the NW. To ensure a stable signal, we measure the current on each point for about 10 seconds. EBIC experiments are performed at ambient temperature inside the SEM vacuum chamber at ~2 × 10 −6 mbar. No external bias voltage is applied in our setup. The SPM is tilted at an angle of 63° (an angle of 0° is perpendicular, 90° is parallel to the electron beam), with an initial energy of the electron beam of 5 keV. The tilting is necessary to visualize the SPM-probe; otherwise, the SPM cantilever would shadow the probe. 
Results
For KPFM analyzation of NWs, see Figure 2 , we use the difference in potential between NW and the Cr substrate, as the potential of the SPM-probe is subject to changes due to abrasion or picking up of alien material. For SnO2 NWs, the mean difference in WF with respect to the Cr substrate amounts to ΔWF = 370 meV ± 40 meV, measured over NWs with diameters from 70 nm to 250 nm. For CuO NW, the mean WF difference with respect to the Cr substrate amounts to ΔWF = −245 meV ± 30 meV. For CuO NW, the measured diameters vary between 16 nm and 130 nm. NW height (diameter) is measured out of profiles through topography images recorded simultaneously with the KPFM signal. For SnO2 NWs, we observe a decrease in ΔWF with increasing NW diameter. For CuO NW, however, an increase in ΔWF with increasing NW diameter is observed, but only for CuO NW with diameter >70 nm. For smaller CuO NW, WF values scatter strongly.
For EBIC characterization, we place the SPM-probe on one end of a SnO2, respectively CuO NW. While the SPM-probe stays fixed, the electron beam focus point is varied along the NW and the current induced by the electron beam is measured via the SPM-probe (see Figure 3) . For the SnO2 NW, a quite stable positive current of about 30 pA is observed for beam-probe distances larger than 500 nm up to the end of the NW. For the CuO NW, negative current is measured, which decreases from about −30 pA at larger (>500 nm) beam-probe distances, to down to −70 pA at small beam-probe distances. The same current decrease for beam-probe distances <500 nm is also observed for the SnO2 NW, with values down to −100 pA at 200 nm beam-probe distance. No beam-probe distances larger than 1.5 µm are measured for the CuO NW due to the smaller length of the NW. 
Discussion
KPFM shows difference in WF between SnO2 and CuO NW of about 600 meV. Interestingly, the measured surface potentials of SnO2 and CuO NW are located above and beneath that of the Cr substrate. This is different to the material's bulk values, where the Fermi levels of both SnO2 and CuO are both located beneath the Fermi level of Cr. We suspect the cause is that for nanoscale structures, like NW, surface states and defects play a more important role, and the carrier concentration strongly increases. For the n-type SnO2 NW, a higher carrier concentration will increase the Fermi level, for the p-type CuO NW, a higher carrier concentration will decrease it. This shift the Fermi level of the SnO2 NW above the Fermi level of Cr, and also leads to the measured decrease/increase in in ΔWF with increasing NW diameter for SnO2/CuO NWs. The strong scattering CuO NWs <50 nm in diameter might be due to insufficient growth times of shorter NW, which cause different morphology [6] .
The measured positive (SnO2 NW) or negative (CuO NW) EBIC values at large beam-probe distances can be explained by taking the band structures of the SPM-probe and the NWs into account. For SnO2, being an n-type semiconductor, electrons are the majority charge carriers. The structure of the conduction band EC dictates that transport of negative charges takes place from sample to probe (defined as positive current). For CuO, being a p-type semiconductor, holes are the majority charge carrier. Here, the structure of the valence band EV dictates transport of positive charges from sample to probe. See Figure 4 for a sketch of the band structures. For small beam-probe distances <500 nm, the SPM-probe interacts with the intrinsic region formed in the semiconductor due to E-beam irradiation. Due to the positive charging of the SiO2 substrate [7] , the negative charges inside the intrinsic region of the NW accumulate at the bottom of the NW near the SiO2 substrate, while the positive charge accumulates in the NW top region. This applies for both NW types. The SPM-probe sits directly over the charge separated intrinsic region of the semiconductor and as a result, negative currents are measured for small beam-probe distances. 
Conclusions
Characterization of semiconductor NWs in a combined SPM-SEM system reveals how the NW work function depends on composition and NW size. Results of EBIC measurements show different electric behavior of n-type and p-type semiconductor nanowires for large (>0.5 µm) distances between electron beam and SPM-probe. For submicron distances, the current signals assimilate. Our work offers new insights into the local electrical behavior of semiconductor nanowires and their functionality as gas sensing material. 
